A numerical probing technique is proposed that can resolve the spectral structures of high-order harmonics obtained from the solutions of the Schrödinger equation. This method can accurately locate the high harmonics in the frequency domain, which otherwise might be impossible due to the intricate structures of midplateau harmonics in the short drive pulse regime. Resolved fine spectra reveal that the high harmonics contain several components whose phases have different intensity dependences, in accordance with the prediction of semiclassical approaches. The present technique is applied to the measurement of the harmonic blueshift induced by intense femtosecond pulses.
A numerical probing technique is proposed that can resolve the spectral structures of high-order harmonics obtained from the solutions of the Schrödinger equation. This method can accurately locate the high harmonics in the frequency domain, which otherwise might be impossible due to the intricate structures of midplateau harmonics in the short drive pulse regime. Resolved fine spectra reveal that the high harmonics contain several components whose phases have different intensity dependences, in accordance with the prediction of semiclassical approaches. The present technique is applied to the measurement of the harmonic blueshift induced by intense femtosecond pulses.
PACS number͑s͒: 42.50. Hz, 32.80.Ϫt, 42.65.Ky, 31.15.Ϫp The nonlinear multiphoton process of high harmonic generation in atomic gases under the influence of intense laser fields has received considerable attention ͓1-3͔ owing to the expectation that the coherent radiation generated during the process may be utilized to develop ultrashort extreme ultraviolet ͑XUV͒ sources. It has been known that the emission spectra from the process extend over a broad spectral range and contain many discrete odd harmonics of the incident fundamental field. According to recent theoretical and experimental studies ͓4-6͔, the high-order harmonics can be blueshifted by applying intense short laser pulses. The observed blueshift is so large that it can sweep the interval between neighboring odd harmonics ͓6͔. Thus, in principle, continuously tunable XUV sources with extremely large tunable ranges could be realized.
Calculations of the time-dependent Schrödinger equation ͑TDSE͒ for a single atom have displayed the characteristic features of high harmonic generation, such as the plateau and cutoff in the high harmonic spectra. However, they usually exhibit harmonic spectra with complicated noisy profiles in the plateau region when the pulse duration is reduced to several tens of femtoseconds, which renders the identification of each individual harmonic unattainable unless special resolution techniques are brought in. We suppose that the complicated spectral structure has been a main obstacle to the detailed analyses of the harmonic profiles in the plateau region and their blueshifts based on the TDSE approach or Lewenstein model ͓7͔ for short drive pulses, while a few studies ͓4,5͔ have been made on this subject only in the regime where somewhat resolved harmonic spectra are attainable. The appearance of the intricate structure is due to the fact that many electron trajectories contributing to a given harmonic order cause the harmonic spectrum to split into several parts ͓5͔, and as the width of the incident laser pulse decreases the split spectral lines begin to overlap and interfere with adjacent harmonic lines of different orders. To systematically investigate the high harmonics, in particular the location of harmonic components in the frequency domain and the amount of their blueshifts as a function of laser parameters, essentially required is thus the ability to differentiate the contributions from different trajectories.
In this paper, we propose a simple method that can resolve the complicated structures of high harmonic spectra in the midplateau region. The dipole phase associated with each trajectory of an ionized electron has its own distinctive intensity dependence ͓5,7,8͔, and if dipole spectra at some different laser intensities are added, only the components corresponding to the trajectories whose dipole phases ͑or actions͒ have less sensitive dependences on intensity will survive, while other components will disappear due to destructive interference. This property is exploited in suppressing insignificant harmonic components and consequently obtaining well-resolved harmonic spectra. Using this technique, we successfully extract some interesting features predicted by semiclassical approaches from the exact solutions of the TDSE.
The semiclassical approaches employing the classical concept of ''electron trajectories'' ͓7-9͔ have provided an intuitive picture that describes well the underlying mechanism of high harmonic generation. An important prediction of these approaches and the quantum-path analysis ͓10,11͔ is that for a given harmonic order q there exist several electron trajectories contributing to the harmonic generation. Dominant contributions are made by those electrons that, once acquiring the kinetic energy Kϭqប 0 ϪI p ͑where I p is the ionization potential͒ from the interaction with the oscillating laser field after tunneling ionization, return to and recombine with the parent ion within one optical cycle after the ionization emitting photons of energy qប 0 . There are two such electron trajectories per half optical cycle, and one of them ͑long trajectory͒ is released earlier from and returns later to the core, spending more time in the continuum, than the other ͑short trajectory͒. In the cutoff region, the two trajectories are barely distinguishable from each other and have the common release time t 0 Ӎ0.31 rad/ 0 , recombination time t r Ӎ4.40 rad/ 0 , and excursion time Ӎ4.08 rad/ 0 ͑the time spent by the electron during its stay in the continuum͒, when the driving field varies in time as cos( 0 t). The recollisions between the rest ion and the returning electron of energy KϭqបϪI p that occur after one optical cycle can also contribute to the harmonic generation in the plateau region, and in some cases they manifest themselves in secondary peaks of high harmonics. Recently, based on the Lewenstein model, Kan et al. ͓5͔ reported results that clearly demonstrated these. For short laser pulses that have time-varying intensities, they showed that the intensitydependent dipole phase gives rise to different blueshifts for different trajectories, leading to the emergence of split spectral lines. An experimental demonstration of the spectral line splitting due to the two primary trajectories has been carried out just recently ͓12͔.
To assist in gaining a concrete understanding, we produced a dipole acceleration spectrum, similar to that obtained by Kan et al. ͓5͔, in Fig. 1 by numerically solving the onedimensional ͑1D͒ TDSE for a neon atom exposed to a 160-fs, 800-nm laser pulse with a peak intensity of I ϭ10 15 W/cm 2 . In Fig. 1 , the high harmonic peaks corresponding to the two primary trajectories mentioned above are denoted by q s ͑short trajectory͒ and q l ͑long trajectory͒. The secondary peaks related to the trajectories with longer excursion times can be seen near the primary harmonic peaks. It is clear that the split spectral lines observed from the calculations ͓5͔ based on the Lewenstein model can also be seen in our calculation obtained from the solution of the TDSE that takes into account the effects of the Coulomb potential. We note that, because the atom is completely ionized on the rising side of the pulse at the applied laser intensity that exceeds the saturation intensity for the optical field ionization, only the blueshifts of harmonic lines are observed.
The resolution of the split spectral lines, however, begins to deteriorate when the pulse width decreases below 100 fs, as can be seen from Fig. 2͑a͒ where the pulse width is chosen to be 80 fs. The harmonic lines in the midplateau region shown in Fig. 2͑a͒ are smeared with complicated structure, and it should be emphasized that this is not a numerical artifact but the effect of interference between the split harmonic lines. In the case of Fig. 2͑a͒ , the blueshift of harmonic lines corresponding to secondary recollisions is so large that the secondary harmonic lines overlap and interfere with the next primary harmonic lines, which makes a precise location of the harmonic lines a difficult task. In the cutoff region, however, the spectral lines are still well-resolved due to the lack of secondary recollisions in this region. Our discussion here will be focused on the issue of how to resolve the complicated spectral lines in the plateau region and measure the blueshift of high harmonics even in the cases of drive pulses shorter than 100 fs.
The distinct intensity dependence of the dipole phase of each trajectory, which is the main reason for the complicated harmonic structure, can be taken advantage of in constructing an efficient way to eliminate the contributions from certain trajectories, and thereby enhancing the spectral resolution of the harmonic lines that we are interested in. If we add a large number of dipole spectra ͑not squared͒ obtained at different laser intensities, the components whose phases depend sensitively on the intensity are more likely to experience destructive interference and will not survive the sum. Here, by solving the 1D TDSE, we obtain dipole acceleration spectra for N pulses with slightly different peak intensities I i 's uniformly chosen from the region between IϪ⌬I/2 and Iϩ⌬I/2, and add the resulting spectra as follows ͓13͔:
where d i ()ϭ͉d i ()͉e Ϫi⌽ i () is the dipole spectrum for a pulse with peak intensity I i . If ⌬I is small, the variation in the dipole amplitude ͉d i ()͉ may be negligible. However, the dipole phase ⌽ i () of a certain harmonic component could experience a significant variation ⌬⌽ even with a small intensity fluctuation. We assume that those harmonic components with phase variations greater than 2 do not survive the sum of Eq. ͑1͒. The survival condition for a specific harmonic component can then be written as ⌬⌽ϭ ͯ ‫ץ‬⌽ ‫ץ‬I ͯ ⌬IϽ2.
͑2͒
In order to determine the optimal intensity variation ⌬I, we follow the semiclassical approaches and use the following approximate expression for the phase of the qth harmonic ͓5,8͔:
FIG. 1. High harmonic spectrum in the midplateau region from a neon atom irradiated by an 160-fs ͑FWHM͒ Gaussian laser pulse with ϭ800 nm and intensity Iϭ10 15 W/cm 2 . Fig. 1 except that the pulse width is 80 fs. ͑a͒ Spectrum for a single pulse. ͑b͒ Spectrum after the sum of Eq. ͑1͒, where Nϭ20 dipole spectra are used with ⌬I/Iϭ2.6%. ͑c͒ Same as ͑b͒ except ⌬I/Iϭ8%.
FIG. 2. Same as
Here, S is the classical action of the electron that is released from the ion at t 0 with zero initial velocity and returns to the ion at t r , and is given by
where p is the mechanical momentum of the free electron placed in the laser field with frequency 0 . Displayed in Fig.  3 is the derivative of the dipole phase with respect to the laser intensity for the two primary trajectories, where the dipole phase is calculated at a constant laser intensity. The dipole phases associated with the trajectories corresponding to secondary recollisions have far more sensitive dependences on laser intensity than those associated with the two primary trajectories, and the dipole phase gradients for those trajectories are too large to be seen in the scale adopted in Fig. 3 . The survival condition ͑2͒ along with Fig. 3 allows the estimation of an appropriate value of ⌬I to select some harmonic components. Figures 2͑b͒ and 2͑c͒ show the dipole spectra obtained in the way described above. The variation in the intensity is ⌬I/Iϭ2.6% for Fig. 2͑b͒ and ⌬I/Iϭ8% for Fig. 2͑c͒ , and Nϭ20 pulses are considered for both cases. The results clearly indicate that, by properly choosing the intensity variation ⌬I, we can remove some unwanted components and obtain clean dipole spectra that now can readily be used to track the primary harmonic lines. For example, in Fig.  2͑b͒ , the secondary peaks that complicated the spectral structure do not satisfy the survival condition ͑2͒ and are thus removed, and only the peaks associated with the two primary trajectories q s and q l are observed. A further increase in ⌬I can remove the q l component by making its phase variation ⌬⌽ greater than 2. At the intensity variation ⌬I chosen in Fig. 2͑c͒ , only the q s component satisfies Eq. ͑2͒ and remains undestroyed.
The selection of some harmonic components by the present technique can also be viewed clearly when we inspect the harmonic generation in the time domain. By taking the harmonics between 44 0 and 60 0 from the three dipole spectra in Fig. 2 , we get the temporal profiles shown in Fig.  4 . Whereas there appear several subfemtosecond pulses in Fig. 4͑a͒ , only two pulses are visible per half optical cycle in Fig. 4͑b͒ when ⌬I/Iϭ2.6%. The release time t 0 , recombination time t r and excursion time shown in Fig. 4͑b͒ are calculated classically at the instantaneous laser intensity at which the subfemtosecond pulses are emitted, and these characteristic times have little harmonic-order dependences for q in the range considered. The classical analysis reveals that the pulses in Fig. 4͑b͒ are emitted at the recombination times t r s and t r l of the two primary trajectories. As we move to times earlier than that depicted in Fig. 4͑b͒ , the s and l pulses approach each other and then merge together when the instantaneous intensity corresponds to the cutoff intensity of the harmonics considered. In the case of Fig. 4͑c͒ with ⌬I/Iϭ8%, only one pulse ( s ) per half optical cycle is seen. Since the present technique provides well-resolved spectra, one important application of it would be the measurement of the blueshift of high harmonics in the single-atom dipole spectra. As an illustration, we present in In experiments, there are two sources for the blueshift, namely, the single-atom effect ͓4-6͔ considered in this paper and the self-phase modulation of propagating waves that is induced mainly by the free electrons produced in an ionizing medium ͓14,15͔. To explore favorable conditions for the development of tunable coherent XUV sources, one may need to investigate the single-atom and propagation effects on the blueshift separately. Our resolution technique can serve as a convenient tool for investigating the single-atom blueshift.
A direct implication of the present study is that, with a typical intensity variation along the propagation axis that may be caused by a focusing geometry in real experiments, well-resolved harmonic peaks could be observed. For instance ͓12͔, for a gas of 700-m thickness, a confocal parameter of bϭ4 mm results in ⌬I/Iϭ3% along the propagation direction if the gas is centered at the focus zϭ0 mm ͑or ⌬I/Iϭ34% if the gas is centered at zϭ2 mm behind the focus͒, which is comparable to the intensity variation considered in this paper. The mechanism behind this phenomenon shares the same root as the previous findings ͓16,17͔ that by taking into account the geometric effects in propagation calculations, well-resolved harmonics are observed. In both cases, those harmonic components with phases robust to changes in system parameters are added constructively while others disappear due to their poor phase-matching conditions.
In summary, we have presented here a method that can resolve the complicated structures in the single-atom high harmonic spectra. This method can efficiently differentiate the contributions from different electron trajectories and thus provides a conclusive knowledge of the origin of a specific spectral line in the harmonic spectra. It has always been of fundamental importance to derive features of classical theories from the exact solutions of quantum theories and inspect the correspondence between them. The present work demonstrates that the predictions of the semiclassical trajectory analyses on the high harmonic generation can be for the most part reproduced by the exact quantum-mechanical calculations, which strongly supports the semiclassical descriptions. The new resolution technique introduced in this paper has played a crucial role in arriving at this conclusion. Finally, we mention that an alternative but consistent explanation of blueshift in terms of the analysis of the periodicity and recollision has been given by Watson et al. ͓18͔. This work has been supported by the Ministry of Science and Technology of Korea through the Creative Research Initiative Program.
